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Current building regulations enforce building designers towards eﬃcient system design and provision of alternative means of supply-
ing energy. Diﬀerent green building certiﬁcation schemes are deployed worldwide to encourage creating a sustainable built environment
and the adoption of green building best practices.
Micro-generation technologies, low and zero carbon, are either recommended by designers or mandated. A range of constraints
including design and technical issues, are currently aﬀecting the wide-scale deployment of micro-generation. For instance, it is important
that the micro-generation plant operates for as many hours as possible as an idle plant accrues no beneﬁts. Such issues make the design of
a micro-cogeneration technology not quite as straightforward. Combined Heat and Power (CHP) or micro-cogeneration provides means
of electricity and heat supply.
This paper investigates, through a detailed study, the maximum CO2 reduction that could be achieved by CHP and biomass technol-
ogies in a mixed-use development. The implementation of micro-cogeneration, its combination with district heating and the integration
of CHP into a trigeneration scheme are investigated. The coupling of CHP unit with absorption cooling, as well as the interactions with
biomass boilers, to allow for setting up multi-generation systems for combined local production of diﬀerent energy vectors are assessed
and optimised for maximum CO2 reduction.
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Production and hosting by Elsevierhave to respond to local climate and site conditions to max-
imise building users’ comfort and health whilst minimising
energy use. Sustainability initiatives could never realise
their full potential without support from the government
in the form of, guidance, and opportunities towards
applied, pragmatic sustainability. Buildings, new and old,
account for 50% of global energy consumption and related
emissions. As citizens of the world, we have to reduce our
reliance on ever dwindling supplies of fossil fuels. The
imperatives for this are energy security and climate change.
The accompanying CO2 and other greenhouse gas emis-
sions have been identiﬁed as a primary cause of globaluction and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
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sharply due to the increase in demand. New energy-eﬃ-
cient, environmentally friendly power systems are, there-
fore, urgently required to ensure a sustainable built
environment and also to meet the current building regula-
tion and green building standards.
The recent development of eﬃcient thermal prime mov-
ers for distributed generation is changing the focus of the
production of electricity from large centralized power
plants to local generation units.
Micro Combined Heat and Power (micro-CHP) tech-
nologies use fuel, e.g. natural gas, but provides electricity
as well as heat. The two main systems use either reciprocat-
ing engines or Stirling engines. The size of the European
Union (EU) market of domestic micro-CHP (1–10 kW)
exceeded the 90 millions of units deploying about 6.2 mil-
lions of new installations per year with a development plan
for 2020 showing a quick evolution of micro-CHP solu-
tions to a higher eﬃciency comparable to condensing boil-
ers. CHP was assessed in ﬁeld tests in Germany, the UK
and some other EC countries (Kuhn et al., 2008).
Fuel cells are also an alternative source of power; they
provide a means of supplying electricity and heat
and improving the built environment (Microgeneration
Strategy, 2006).
The largest deployment of micro-CHP is in Japan at the
year 2009, where over 90,000 units are in place where six
Japanese energy companies launched the 300 W–1 kW
PEMFC. In the UK, it is estimated that about 1000
micro-CHP systems were in operation as of 2002. These
are primarily Stirling and reciprocating engines (Generation
Heat and Power). Of the 24 million households in the UK,
as many as 14–18 million are thought to be suitable for
micro-CHP units.
The site heat and electricity demand must be properly
assessed to prevent a CHP plant from being incorrectly
sized.
Building designers apprehend several challenges to
achieve a maximum CO2 reduction in a development such
as: (i) the appropriate size of a CHP plant; (ii) the integra-
tion of absorption chillers into oversized CHP plant and its
contribution to CO2 reduction; (iii) the integration of other
renewable sources with CHP or CCHP plant.
This paper reviews the application of current micro-
cogeneration, the combination with district heating andFig. 1. Typical percentage of electricthe incorporation of CHP into a trigeneration scheme. It
also assesses the coupling of absorption/electric chillers
with a CHP plant as well as the interactions with biomass
boilers to allow for setting up multi-generation systems for
combined local production of diﬀerent energy vectors.
Here, the maximum carbon reduction that could be
achieved in a mixed use development through best prac-
tices has been investigated through a detailed study to
ensure systems operate as designed and to provide guide-
lines to building designers.
2. Background
CHP district schemes have demonstrated superior eﬃ-
ciency for years in industrial plants, universities, hotels, hos-
pitals and mixed use developments. They can be employed
over a wide range of sizes, applications, fuels and technolo-
gies (http://en.wikipedia.org/wiki/Ho). Fig. 1a shows the
typical percentage of electricity and heat from aprimemover
CHP. The resulting electricity can be used either wholly or
partially on-site. It is particularly eﬃcient when employed
as a source for district heating to provide hot water, space
heating and electricity for a number of linked buildings.
The combination of cogeneration and district heating is
very energy eﬃcient. A thermal power station which gener-
ates only electricity typically converts 30% of the fuel input
into electricity. The major part of the energy is wasted in
form of heat and dissipated into the environment unless
utilised to enhance the power plant eﬃciency e.g. water
desalination in addition to transmission losses. A cogenera-
tion plant recovers that heat and can reach total energy eﬃ-
ciency beyond 85%.
CHP can be incorporated into a trigeneration scheme to
provide cooling alongside heat and power from the same
energy source, see Fig. 1b. Here excess heat produced is
cooled by absorption chillers linked to the CHP system.
This provides chilled water for cooling to be circulated
around a building or community. This is also known as
combined cooling, heat and power (CCHP, 2011).
The absorption cycle uses a heat driven concentration
diﬀerence to move refrigerant vapours from the evaporator
to the condenser.
The high concentration side of the cycle absorbs refrig-
erant vapours. Heat is then used to drive oﬀ these refriger-
ant vapours thereby increasing the concentration again.ity and heat for a prime mover.
Table 1
Assumption for Benchmarks.
Gas
benchmark
kWh/m2
Cooling
benchmark
kWh/m2
Electricity
benchmark
kWh/m2
DHW
(%)
Residentiala 75 10 30 60
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ing systems, as any system which provides building cooling
through the distribution of chilled water, hot water or
steam from a central plant. Thus, cooling achieved through
distribution of district hot water or steam to drive absorp-
tion chillers located in buildings is also considered district
cooling.
Usually space heating and hot water storage tanks serve
as a heat sink for reasonable waste heat utilisation. In sum-
mer, the heat demand is much lower but the heat of the
electric generation process can be transformed into cooling
energy by absorption chillers.
The trigeneration is of concern and attraction of a lot of
researchers in terms of application, economic and perfor-
mance. In the application ﬁelds, an investigation in a typi-
cal supermarket for cooling, heating and power
requirements was described and a number of CCHP
options involving the use of diﬀerent cooling and engine
technologies were reviewed (Maidment and Tozer, 2002).
The investigation calculated and compared the energy sav-
ings of the diﬀerent options against typical conventional
supermarket technology. Typical energy demand proﬁles
and economical proposals of trigeneration plants for an
airport and typical results for a large airport were pre-
sented (Cardona et al., 2006).
The evaluation of the energy eﬃciency and economic
feasibility of a small scale trigeneration system for CCHP
with a Stirling engine showed that a CCHP system saves
fuel resources and has the assurance of economic beneﬁts
(Kong et al., 2004). A study (Cardona and Piacentino,
2007) proposed a modiﬁed exergo-economic optimisation
overcoming the diﬃculties encountered when applying
the traditional methodologies to CCHP plants serving civil
buildings, characterised by irregular demand-proﬁles.
The performance of CHP and CCHP systems was car-
ried out by several researchers including static calculation
methodology for evaluating the primary energy consump-
tion for CCHP and separate productions and analysis of
energy saving performances of various types and sizes of
systems in heating and cooling modes and improving
energy use in cogeneration systems (Hui et al., 2006). Inves-
tigations on the potential of CHP and CCHP systems for
reducing the energy use and the emission of hazardous
greenhouse gases were carried out (Joel and Augusto,
2003; Lin et al., 2007; Gianfranco and Pierluigi, 2008). In
the experimental tests to evaluate the performance and
emissions of a diesel engine generator and the performance
of the trigeneration system the CO2 emissions per unit kWh
of useful energy output from trigeneration were reduced by
67.2–81.4% compared to those from single generation
(Application Manual AM12, 1999).Commercial Energy
Consumption
Guide 19 (2000)
97 14 80 12
a The heating and hot water load for the residential are based on SAP
(2009) (BRE, 2009). The electricity demand for the residential unit
includes lighting, electrical appliances and cooking; the calculation
method based on BREDEM-12 (Anderson et al., 2001).3. District heating and cooling plant deployment
The main objective of adopting composite multi-genera-
tion systems is that it may lead to signiﬁcant beneﬁts interms of higher energy eﬃciency, reduced CO2 emissions,
and enhanced economy.
A district heating and cooling plant can provide higher
eﬃciencies, diversity of fuel type, and better pollution con-
trol than localised systems. The core element of a district
heating system is a cogeneration plant, CHP, or a heat only
boiler station. Both have in common that they are typically
based on combustion of primary energy carriers. The dif-
ference between the two systems is that, in a cogeneration
plant, heat and electricity are generated simultaneously,
whereas in heat only boiler stations – as the name suggests
– only heat is generated.
Deploying CHP and CCHP systems in a mixed use
development or any application requires more attention
and proper design by engineers. This section will provide
the analysis of sizing a district plant that incorporates
CCHP and biomass to achieve maximum CO2 reduction
in a mixed use development.
The proposed mixed-use development comprises resi-
dential and oﬃce buildings. Assumptions for gas, cooling
and electricity benchmarks are shown in Table 1 below.
Fig. 2 shows the annual energy demand by percentage of
diﬀerent mixed-use developments based on the percentage
net internal ﬂoor area. High water demands are required
with the increase of the residential development. The car-
bon emission due to the thermal demand is about 47% in
a residential development and about 28% in an oﬃce devel-
opment see Fig. 3.
In this study a CHP unit is coupled to absorption/elec-
tric chillers, as well as the interactions with renewable
sources, to allow for setting up multi-generation systems
for combined local production of diﬀerent energy vectors
such as electricity, heat, cooling and power.
Biomass boilers are also proposed to be used in the
development. They use a biological material derived from
living, or recently living organisms, as the fuel. In the con-
text of biomass for energy this is often used to mean plant
based material, but biomass can equally apply to both ani-
mal and vegetable derived material. Energy produced from
biomass residues displaces the production of an equivalent
amount of energy from fossil fuels, leaving the fossil car-
bon in storage. Whereas fossil fuels are becoming increas-
ingly expensive, some forms of biomass fuels are
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Fig. 2. Annual energy consumption per m2 for diﬀerent mixed schemes.
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makes biomass a very sensible and economically viable
option for many heating projects in relation to homes,
communities, oﬃces and industry. A typical biomass fuel
is wood, in the form of logs or wood chips, but other
energy crops such as straw can be used to ﬁre biomass boil-
ers. All of these biomass input fuels are renewable and
almost carbon–neutral, in that the CO2 which is released
via the combustion process is cancelled out by the CO2
which is absorbed by the plant when it is growing. Conse-
quently, biomass could replace much of our current use of
fossil fuels, in several diﬀerent forms.
The proposed heating and cooling strategy for the pro-
posed development is shown in the diagram below, Fig. 4.The main fuel is natural gas and the CHP is the lead boiler,
top up by the biomass and then the gas boiler to meet the
peak demand. The electricity produced by the CHP will be
connected to the grid.
In summer; the heat produced by the CHP is used to
meet the hot water demand and a portion of the cooling
need.
The key to a successful building gas CCHP plant selec-
tion exists in that the detailed building heat, cool and
power load status and appropriate unit capacity to ensure
high hourly operation and waste heat recovery are avail-
able. Fig. 5 shows the combined hourly heating, hot water
and power load for oﬃce buildings and residential build-
ings in a typical winter day in London.
ABSORPTION CHILLER
CHP
GAS 
BOILERS
CONVENTIONAL 
CHILLERSDRY/WET COOLER
COOLING
SPACE HEATING & DHW
GAS
IN
GRID
BIOMASS
HEATING
ELECTRICITY
MIXED-USE DEVELOPMENT DEMAND
Fig. 4. Schematic diagram of the proposed district plant.
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The CHP system consumes fuel to produce heat and
also produces electricity. The produced heat can save the
amount of electrical energy which is delivered from the
power grid. A CHP unit can be connected either to a heat-
ing system, a DHW system, or a heating system when cou-
pled with an absorption heating generator. To determine
fuel consumption and electricity generation, the heat out-
put of the CHP unit shall be determined from the required
heat and cold need, and coproduced electricity is treated as
a side eﬀect.
The carbon reduction from a CHP plant can be calcu-
lated from the simpliﬁed formula given below developed
by the authors.
RCHP ¼ G CHPth%
HPR
 CFg HPR 1 gbgth
 
þ CFrep  gb
 
ð1Þ
where R is the carbon reduction kg/year; G is the total gas
energy in the base building, kWh/year; HPR is the heat to
power ratio generated by the CHP; CHPth% is the percent-
age of heating demand met by CHP, CFg is the carbon fac-
tor for gas; CFe is the carbon factor for electricity and gb is
the boiler eﬃciency.
The percentage of carbon reduction, RCHP% can be
deﬁned as the ratio of the carbon reduction obtained by
the CHP, RCHP, to the total carbon from the base building
generated by natural gas, G, and electricity, E.RCHP% ¼ RCHP
CFg  Gþ CFe  E ð2Þ
The absorption cooling percentage, AC%, is calculated
considering the domestic hot water demand in summer.
The carbon reduction achieved from using the absorption
chiller, RAC, is calculated by:
RAC ¼ AC% C  CFe  COPccð Þ
 ACCF
COPAC
þ CFe  Par%
 
ð3Þ
where ACCF is the carbon dioxide burden of the heat sup-
ply to the absorption chiller, kgCO2/kWh; ge is the CHP
electrical eﬃciency; gth is the CHP thermal eﬃciency;
COPcc is the seasonal energy eﬃciency ratio of the conven-
tional chiller; COPAC is the coeﬃcient of performance of
the absorption chiller; and Par% is the percentage of the
parasitic power used by the absorption chiller:
ACCF ¼ CFg
CHPe%
 CFre
 
HPR= ð4Þ
CHPe% and CFre are the percentage and carbon factor of
replaced electricity respectively.
The total CO2 reduction, RCCHP, is the sum of the car-
bon reduction due to the operation of the CHP and
absorption chiller.
RCCHP ¼ RAC þ RCHP ð5Þ
The percentage of total CO2 reduction, RCCHP%, is
given by:
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Fig. 5. Hourly proﬁle for a typical day.
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Fig. 7. Monthly energy demand (a) residential and (b) oﬃces.
Table 2
Assumption for CCHP.
gth (%) ge (%) HPR COPAc COPcc
45 30 1.5 0.68 3.5
Table 3
Carbon conversion factors.
CFe CFg CFbio CFre
kgCO2/kWh 0.517 0.198 0.025 0.529
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The percentage contribution of the annual thermal load
by biomass, Bio%, is the diﬀerence between the maximum
percentage, Max% < 100%, and the CHP percentage. In:
Bio% ¼ Max% CHP%ð Þ ð7Þ
RBio ¼ CFg  CFBio
  Bio% G ð8Þ0%
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Fig. 8. Demand duration curve forRTotal% ¼ RCHP þ RAC þ RBio
CFg  Gþ CFe  E ð9Þ
where CFBio is the carbon factor for biomass, RBio is the
carbon reduction for biomass and RTotal is the total carbon
reduction.
5. Results
The percentage of annual energy demand for diﬀerent
mix-use scenarios and the monthly demand for the devel-
opment are shown in Figs. 6 and 7 respectively.
Tables 2 and 3 show the assumptions used for the pro-
posed development in CO2 calculations using Eqs. (1)–(9).
First, the demand duration curve was developed for dif-
ferent mix-use scenarios. The relation between the peak
load and annual thermal demand is shown in Fig. 8. It
can be observed that more than 80% of the annual thermal
demand can be attained by less than 60% of the peak heat-
ing load.
For maximum carbon reduction the thermal load should
be met by low carbon source. The operational condition of0% 60% 70% 80% 90% 100%
nual%
ration Curve
diﬀerent mixed use scenarios.
Fig. 9. Waste heat in summer (50% residential & 50% oﬃces).
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necting in one typical day in summer is illustrated in Fig. 9.
It can be observed that by maximising the CHP more waste
heat is generated in summer and using CCHP system will
recover the waste heat in an absorption chiller.
Eqs. (6)–(9) are depicted graphically in Fig. 10. As
shown the maximum thermal load contribution by the
CHP and/or biomass is limited by 80%. The maximum
CO2 reduction obtained by the CCHP is 25.1% however;
the absorption cooling does not exceed 1.2% reduction
attributable to the total emissions mainly because of theparasitic power used by the absorption chiller and the
low coeﬃcient of performance compared to modern
vapour compression machines.
The use of a biomass boiler will reduce the CO2 emis-
sions from the development by 27.8% which supplies 80%
of the annual thermal demand. However, unlike most gas
ﬁred boilers, wood boilers are limited in their ability to rap-
idly modulate heat output.
Therefore sizing should be considered to meet the base
load and provide more responsive plant, such as gas-ﬁred
boilers, to meet peaks in demand. On another hand, the
E. Elsarrag, Y. Alhorr / International Journal of Sustainable Built Environment 2 (2013) 99–108 107duty of the CHP plant is limited by the demand for heating
so that normally only a small fraction of the electrical
demand can be produced by the CHP without dumping
heat. At the point of intersection, 42% of the thermal
energy demand will be met by CCHP and 38% by biomass
boilers and equal contribution of CO2 reduction, 13%, is
obtained. The total CO2 reduction is about 26%. However,
at this point the contribution of absorption cooling in CO2
reduction does not exceed 0.5%.6. Conclusions
CHP systems can be employed over a wide range of
sizes, applications, fuels and technologies. The resulting
electricity can be used either wholly or partially on-site.
It is particularly eﬃcient when employed as a source for
district heating to provide hot water, space heating and
electricity for a number of linked buildings. This paper dis-
cussed the consideration of CHP as a leading option and
alternative means of supplying energy. A full CHP feasibil-
ity study was carried out. However, before CHP assess-
ment was done, all passive design and energy eﬃciency
measures were conducted. The development heating and
hot water demands were assessed to avoid the CHP from
being incorrectly sized.
It is assumed that the electricity generated is utilised on
site or exported back to the electricity grid and this can be
worthwhile, particularly where on-site demand is low. The
current electricity incentive, supplying electricity to the
grid, means matching CHP capacity to heat load although
the most cost eﬀective solution often involves some modu-
lating capability and/or heat storage. The CHP was sized
using daily demand proﬁles in order to accurately deter-
mine the actual amount of heat that can be supplied to
the building. Thermal store has been considered to smooth
the demand proﬁles as it has a signiﬁcant eﬀect on the over-
all performance of the CHP system and its contribution in
reducing CO2 emissions.
This paper investigated the contribution of Micro Com-
bined Heat and Power and renewables to CO2 reduction in
a mixed use development and dwellings and provided guid-
ance to the designers of employing energy waste and low
equipment usage in a traditionally combined cooling, heat-
ing and deploying CCHP and biomass heating technologies
for both energy eﬃciency and carbon reduction in diﬀerent
applications.
The micro CHP operates as the lead boiler to maximise
savings. The biomass boiler tops up the heating energy
demand and the gas boilerwillmeet the spike andpeak loads.
Detailed energy demands daily and monthly proﬁles for
heat are established to accurately sizing CHP. In order to
increase the size of the CHP further analyses have been
developed to identify alternative conditions that would
improve the viability considering the energy proﬁle of the
development and thermal store size in winter and the feasi-
bility of using heat-driven absorption chilling plant,CCHP, to extend the base load heat demand into the
summer months.
The mixed use development case study showed that the
use of absorption chillers will result in additional small
reduction in CO2 and the maximum reduction did not
exceed 1.5%. The maximum CO2 reduction obtained by
using the combination of CHP and biomass boilers was
about 26%. The study suggests a careful consideration
when sizing CCHP and biomass technologies and provides
a methodology to estimate the contribution of each tech-
nology into carbon reduction. In this study the CHP unit
size was considered to meet the base load and provide more
responsive plant, such as gas-ﬁred boilers, to meet peaks in
demand.
The results give important pointers to show how micro
cogeneration technologies can be used in residential, com-
mercial and other applications in tandem with other
energy-saving technologies.
Adopting composite multi-generation systems will lead
to signiﬁcant beneﬁts in terms of higher energy eﬃciency,
reduced CO2 emissions, and enhanced economy consider-
ing that the duty of the CHP plant is limited by the demand
for heating so that normally only a small fraction of the
electrical demand can be produced by the CHP without
dumping heat. The limitations of cogeneration technology
in the commercial sector such as low power requirements
have been overcome by the incentive programs which
encourage deploying CHP and CCHP plants in such
regions when applicable.
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